Abstract A sample preparation method of total sulphur measurement of reactive mine tailings was optimized. The total sulphur was measured by inductively coupled plasma optical emission spectroscopy, and ultrasound technique was used for sample digestion. The optimization process was adopted by a combined approach of experimental design and response surface methodology. The digestion time, temperature and acid-oxidant combination (i.e. effect of H 2 O 2 with a fixed amount of acid mixture) were investigated. A two-level and three-factor (2 3 ) full factorial design of experiment was applied to identify the most significant factors, and a central composite design was used to optimize the digestion procedure. KZK-1, a sericite schist, was selected as the certified reference material. The optimum methodology at 95 % confidence level (P \ 0.05) was identified to be 10 min of digestion at 77°C, with a solution of 1 ml HNO 3 :1 ml HCl:1.35 ml H 2 O 2 . This combination resulted in 100 % sulphur recovery. The investigated method was verified by X-ray diffraction analysis. The optimum digestion level was applied to a reactive mine tailings, which achieved satisfactory results with a percentage relative standard deviation \ 3 %.
Introduction
Acid mine drainage (AMD) is generated on many mine sites from reactive mine tailings and has a significant impact on the ecosystem. The reactive mine tailings contain metal sulphides such as iron sulphides [pyrite (FeS 2 ) and pyrrhotite [Fe 1-x S, (0 \ x \ 0.125)]. AMD is generated when these tailings are exposed to atmospheric oxygen and water (Shaw et al. 1998; Wang et al. 2006; Zhuang 2009 ). Accurate and fast measurement of total sulphur in reactive mine tailings is important for day-to-day tailings management. The present work is a continuation of previous works on total sulphur measurement by the inductively coupled plasma optical emission spectroscopy (ICP-OES) (Khan et al. 2012) .
Complete dissolution of solid samples is one of the most important steps for spectroscopy analysis (Tuzen 2003) . Acid-oxidant combination is suitable for the dissolution of solid samples. Different combinations of acid-oxidant mixture are able to facilitate different elements in the extraction process (Kazi et al. 2009 ). The use of hydrogen peroxide (H 2 O 2 ), an oxidant, in combination with acid mixtures is reported to be advantageous for the extraction of many elements by ultrasound-and microwave-assisted digestion processes for spectroscopy analysis (BermejoBarrera et al. 2000; Bermejo-Barrera et al. 2001; Santos et al. 2000; Kazi et al. 2009 ). Recently, ultrasound-assisted digestion for total sulphur measurement of reactive mine tailings has identified to be an accurate and fast procedure for ICP-OES technique (Khan et al. 2012) . Investigations on other types of samples by ultrasound-assisted digestion, followed by ICP-OES detection technique for different elements, have been reported by many authors (Hristozov et al. 2004; Ilander and Väisänen 2009; De-Souza et al. 2006; Santos et al. 2009 ). In the present study, the influence of hydrogen peroxide (an oxidant) is tested in combination with an acid mixture for total sulphur measurement of reactive mine tailings by ultrasound-assisted digestion technique.
For accurate results, the affecting factors of an experimental method are required to be optimized. The traditional one factor at a time approach, i.e. the univariate technique, may bring a wrong conclusion, especially when the factors are co-related and interact (Hashemi et al. 2005) . Multivariate statistical techniques are advantageous because they can reduce the number of laboratory experiments, better evaluate interactions among the variables and reduce costs (Tarley et al. 2009 ). In addition, multivariate techniques are better suited for mathematical models for prediction of responses as well as for assessing significant variables and experimental conditions (Escudero et al. 2010) . During a multivariate optimization process with many factors, the most significant factors are identified by applying a full or fractional factorial design . Then, the optimum conditions are attained by using response surface methodology (RSM), which is predominantly of four types, three level full factorial design (FFD), Doehlert design, central composite design (CCD) and Box-Behnken design Ferreira et al. 2007) . The RSM provides an extra advantage of measuring the quadratic effects of factors compared to the FFD, which is limited to the linear and interaction effects (Khataee et al. 2010 ). This quadratic effect helps to analyse the curvature of experimental data (Lima et al. 2007) . In this investigation, the factors (digestion time, hydrogen peroxide (H 2 O 2 ) and digestion temperature) are first screened using the FFD and the most significant factors are then optimized by RSM using CCD. The ultrasound energy is applied in the sample digestion process, and the total sulphur is measured by ICP-OES. The influence of hydrogen peroxide (H 2 O 2 ) on the digestion process is tested by statistical means.
Although combined approaches of factorial design and RSM are common practice for the optimization in many analysis procedures (Escudero et al. 2010; Dias et al. 2007; de Amaro and Ferreira 2004; Brasil et al. 2006) , this is the first time such an approach is adopted to optimize the total sulphur measuring procedure from reactive mine tailings. This work is also aimed at further improving the digestion time of total sulphur measurement procedure of mine tailings. The present study was carried out between the year 2011 and 2012 at Western University, Department of Civil and Environmental Engineering, Canada.
Materials and methods

Samples and Reagents
KZK-1 was used throughout the experiment as a certified reference material (CRM) of total sulphur content 0.8 ± 0.01 %, which was collected from Canadian Certified Reference Materials Project. The collection, storage procedure and particle-size distribution of mine tailings from Musselwhite mine tailings (MMT) sites were described in our previous work (Khan et al. 2012) .
Chemicals and reagents used in this experiment were same as of our previous work unless otherwise stated. Analytical reagent grade nitric acid (HNO 3 ) of 70 % v/v (Caledon Laboratories ltd., Canada) and hydrogen peroxide (H 2 O 2 ) of 30 % solutions (EMD chemicals, USA) were also used. Atomic absorption grade standard stock solution of sulphur from 'Accu standard, USA' was used for calibration points of 1, 5, 10, 50 and 100 mg L -1 in a linear range of R 2 = 0.999.
Equipment
Ultrasonic cleaning bath, ICP-OES and X-ray diffraction were the major equipment in the experiment. Experimental setup and all other equipment specifications were described in our previous work. The operating conditions of ICP-OES, including the lowest detection limit, were also cited in the same literature. The wavelength chosen for sulphur measurement by ICP-OES was 181.972 nm .
Statistical design of experiments
Two major statistical designs were followed to optimize the experimental procedure. The factors such as the digestion time (A), hydrogen peroxide (B) (an oxidant added to a fixed amount of acid mixture) and digestion temperature (C) were first screened by the FFD, and subsequently, the most influential factors were optimized by the CCD. The analysis of the regression model for both of the designs was carried out at a 95 % confidence level by using graphical analysis software Minitab 15 (Prakash et al. 2008) , and all experiments were conducted in duplicates (n = 2).
Full factorial design
The FFD contain 2 k experiment (k factors, at two levels) is important for screening of the investigated factors as well as for initial optimization . The factors [i.e. the digestion time (A), hydrogen peroxide (B) and digestion temperature (C)] were first screened by applying the 2 3 FFD, where the factor levels were coded as low (-1), central point (0) and high (?1). The uncoded values of the selected levels are presented in Table 1 . The run at the central point (0) between the low (-1) and high (?1) levels of a chosen factor was performed to evaluate the experimental error ). The number of runs required for the 2 3 (two-level three-factors) FFD is calculated as (N) = 2 3 = 8. The FFD matrix in a coded form for the selected reference material KZK-1 is shown in Table 2 . The mean values of duplicate runs for the percentage of total sulphur, percentage recovery of total sulphur (%S FFD ) and percentage of relative standard deviation (%RSD) of all eight runs are presented in the same table (Table 2 , runs 1-8). In addition, the duplicate run of the central point is also performed, and the mean values are presented (Table 2 , run 9).
The average of %S FFD (Table 2 , runs 1-8) is 97.35, which is less than the value obtained from the central point run (%S FFD = 99.3; Table 2 ). As a result, the optimum value of the total sulphur measurement for KZK-1 is expected to present between the chosen ranges of the experimental variables; hence, it is not necessary to follow the steepest ascent technique for the optimization process (Li et al. 2001) . The screening of the investigated variables was performed by a regression model analysis to identify the factors with a significant effect on the response. The effect, coefficient and probability value (P value) of the experimental data were calculated. The factors identified as significant were then optimized by the CCD for the optimum recovery of total sulphur for the selected reference material KZK-1.
Central composite design
The CCD is the most accepted second-order regression model in the RSM, which was introduced by Box and Wilson in 1951 (Angelopoulos et al. 2009 ). In a CCD, the No. of all experiments is n = 2 investigated factors were studied at five levels (-a, -1, 0, ?1, ?a) that include a full or fractional factorial design with central points that are augmented with star points located at a distance of a from its centre points (Myers and Montgomery 2002) . The central points (0) identify the experimental error as well as the reproducibility of data, and the star points (±a) represent the extreme high (?a) and low (-a) values (Chang et al. 2011) . In a CCD, the star points (a) and total number of runs (N) can be calculated by the following equations, respectively, (Prakash et al. 2008 ),
where k is the number of factors, N is the number of runs, N 0 is the number of central points, 2 k is the total factorial points (cubic points) and 2k is the total axial points. The experimental data obtained in a CCD are subject to a multiple regression analysis and represent a relationship between the dependent and independent variables. The second-order regression model obtained from a CCD can be represented as follows (Myers and Montgomery 2002 ),
where Y is the dependent variables or the response, X 1 is the coded levels of independent variables and so on. S 0 , S 1 , S 11 and S 12 are the regression coefficients for the intercept, linear, quadratic and interaction terms of factors, respectively, and so on. The error term is expressed by e.
The coefficient of the second-order regression equation and the probability value (P value) was calculated by the software (Minitab 15). The analysis of variance (ANOVA) was carried out to estimate the significance of variables in their linear, interaction and quadratic states. A twodimensional (2D) contour plot was used to identify the optimum value of the digestion process.
Selection of factors levels
The factors investigated in the optimization process were the digestion time (A), hydrogen peroxide (B) and digestion temperature (C). The upper and lower levels of H 2 O 2 and the digestion time were selected by a trial and error method. According to the previous experiments of the authors, the mixture of 1 ml HNO 3 :1 ml HCl provided 100 % recovery of total sulphur from the selected reference material KZK-1. For the selection of acid-H 2 O 2 (oxidant) combination, a trial was carried out by using HNO 3 and H 2 O 2 mixture, without HCl on KZK-1. The results of total sulphur measurement from KZK-1 were inconsistent, and accuracy was low. This observation supports the significance of HCl in the tailings digestion process (Khan et al. 2012) . As a result, the acid combination of 1 ml HNO 3 :1 ml HCl was fixed throughout the experiment. The temperature levels for the present work were kept the same as of the previous work.
Digestion procedure
Working principle of ultrasound-assisted digestion of mine tailings and the detail digestion procedure of mine tailings for total sulphur measurement by ICP-OES technique were described elsewhere (Khan et al. 2012) . For further improvement of the digestion procedure, predetermined quantity of hydrogen peroxide (H 2 O 2 ) was added in the solution of 1 ml HNO 3 :1 ml HCl in a digestion tube. After the addition of 1 ml HNO 3 into the sample, it was allowed to stand for 1 min and then, a designated amount of H 2 O 2 was added, followed by 1 ml of HCl. The screw cap was (Dimitrijevic et al. 1999) , which may lead to chemical reactions and increasing temperature. The vigorous reactions in combination with the acid mixture and ultrasound energy improving the extraction efficiency of targeted elements from the solid matrix are supported by other study (Kazi et al. 2009 ).
Results and discussion
Screening of factors
The results from the regression analysis of the 2 3 FFD for %S FFD from KZK-1 are shown in Table 3 . All factors as well as their interactions are found significant at 5 % probability level (P \ 0.05), except for the digestion time (A) (P = 0.997). The digestion time (A) is also showing the lowest effect (A, -0.0014) (Table 3) among all other factors and their interactions. The model presented correlation coefficient R 2 = 96.41 % and adjusted correlation coefficient R 2 (adj) = 93.28 %, which is in very good agreement (Li et al. 2001; Jadhav et al. 2012 ) between the experimental data and the model. Therefore, the model is statistically significant and predictable within the chosen variables. The negative effect and coefficient of the digestion time (A) reveal that the increase in this factor from low to high level is not influential for %S FFD (Abdel-Ghani et al. 2009 ). As a result, the low level of digestion time (A = 10 min) is adequate for the maximum %S FFD from the selected reference material (KZK-1) , showing significant improvement in digestion time compared to our previous work by ICP-OES method (Khan et al. 2012) . Similar digestion time (10 min) by ultrasoundassisted extraction was reported for the extraction of phosphorus and chromium from soil and biological samples, respectively (Kazi et al. 2009; Rondano and Pasquali 2008) . On the other hand, the two-way interaction effect of hydrogen peroxide (Table 3 ; BC and AB) is positive as well as significant (P = 0.001 and 0.007). The order of effect of the main factors for %S FFD as calculated in the regression model (Table 3) is the digestion temperature (C, 3.9481) [ hydrogen peroxide (B, -1.2266) [ the digestion time (A, -0.0014).
Considering the above discussion, the digestion time (A) could be removed from the next steps of optimization process and was fixed at 10 min for the rest of the experiments. In summary, the 2 3 FFD has identified the most influential factors for %S FFD from KZK-1, i.e. the digestion temperature (C) and hydrogen peroxide (B).
Final optimization
A CCD is performed to optimize the most influential factors (i.e. hydrogen peroxide (B) and digestion temperature (C) see subsection, screening of factors), for percentage recovery of total sulphur (%S CCD ). The levels of CCD studied are presented in Table 4 with coded and uncoded values. The design matrix of CCD is detailed in Table 5 , which includes 13 runs (Eq. 2; 4 factorial points, 4 star points and 5 central points). The star points are calculated by Eq. 1, i.e. a = 1.414 in coded form. Due to the presence of the star points, the factors B and C vary from 0.8 to 2.2 ml and 56 to 84°C, respectively. The design matrix of CCD also contains the mean values of duplicate runs for the percentage of total sulphur, percentage recovery of total sulphur (%S CCD ), percentage of error and %RSD (Table 5) .
Regression model and ANOVA
The regression model of %S CCD , which is obtained by the least square method for KZK-1, contains the coefficients of the regression analysis, student t test (T value) results and P (probability) values for the linear, quadratic (or square) and interaction terms (Table 6 ). Now adding the values of regression coefficients for the intercept, linear, quadratic and interaction terms from Table 6 to Eq. 3, an empirical second-order relationship between the dependent (%S CCD ) and independent (B and C) variables can be derived (Khataee et al. 2010) , No. of all experiments is n = 2 All independent variables in Eq. 4 are in the coded form as given in the CCD matrix (Table 5 ). This empirical model, Eq. 4, can be used to predict the value of percentage recovery of total sulphur (%S CCD ).
According to P (probability) values (Table 6) , the linear and quadratic effects of the factor C (digestion temperature) are significant (P = 0.000 and 0.000), whereas the same effects are insignificant for the factor B (hydrogen peroxide) (P = 0.351 and 0.108). In addition, hydrogen peroxide (B) is significant when it interacts with the factor C (i.e. BC, P = 0.042). In all cases of the central to high temperature (C) levels (Table 5 ; except for the runs 1, 2, 7), the percentage of error and the %RSD are \ 3 %, which is excellent in accuracy and precision for the digestion procedure (Jenner et al. 1990) .
A positive regression coefficient indicates the synergistic effect (i.e. the increase in factors level increases the response) for %S CCD from KZK-1 (Prakash et al. 2008) . The regression coefficients of the linear effect of factors B and C are positive (Eq. 4), which means the increase in the factors level from low to high increases the %S CCD (Prakash et al. 2008) . On the other hand, the quadratic and interaction effects of factors B and C (i.e. C 2 , B 2 and BC) are found negative. Furthermore, the correlation coefficient, R 2 = 90.64 %, shows a good agreement for %S CCD between the experimental data set and the model (Li et al. 2001; Jadhav et al. 2012) . Therefore, the model is statistically significant and predictable within the chosen variables.
The summary of ANOVA for %S CCD from KZK-1 is presented in Table 7 . The ANOVA table shows the combined effect of linear and quadratic terms as well as the interaction effect of the experimental factors (i.e. B and C). The F tests, F critical values (Montgomery et al. 2006) and P (probability) values are presented in the same table. High values of F(F [ F cr ) and low values of P (P \ 0.05) of the regression model of %S CCD for KZK-1 indicate that all variable terms (linear, quadratic and interaction) are statistically significant and the model is adequate for prediction (Khataee et al. 2010; Chang et al. 2011 ).
2D contour plot
The 2D contour plot (Fig. 1) No. of all experiments is n = 2 a (Khan et al. 2012) C (digestion temperature) within the investigated range. The optimum level of the investigated factors is confided on the contour plot where it showed the maximum %S CCD and was calculated by Minitab-15 to be 76.65 * 77°C of digestion temperature (C) and 1.35 ml of hydrogen peroxide (B) (Chang et al. 2011) . As a result, the optimum digestion levels for the selected reference material (i.e. KZK-1) are 10 min of digestion, 77°C of digestion temperature and with solution of 1 ml HNO 3 :1 ml HCl:1.35 ml H 2 O 2 . Addition of H 2 O 2 in the digestion process significantly improves the digestion time (A) to 10 min from 20 min as observed in our previous work (Khan et al. 2012) . The reduced digestion time will improve the tailings management technique in the context of monitoring practice. Particularly, the sample preparation for ICP-OES analysis will be short and straightforward.
Validation of the model
Experimental results for %S CCD are given in Table 5 , and the predicted results for the same response can be calculated by Eq. 4. A linear regression model between experimental and predicted results are developed, showing R 2 = 0.85, indicating the second-order polynomial equation (Eq. 4.) that is satisfactory for identifying the optimum level of the investigated factors, see supplementary material for the regression model. Figure 2a is the XRD (X-ray diffraction) analysis of the selected reference material KZK-1. This figure is reproduced from our previous study (Khan et al. 2012 ) to compare with Fig. 2b , the XRD result obtained after the digestion of KZK-1 by hydrogen peroxide at their optimum level. Figure 2b clearly shows the absent of pyrite (FeS 2 ) peak (indicated by the vertical line) (Dold and Fontbote 2002) , proving the optimum digestion method can transform the pyrite crystal into amorphous state. The use of H 2 O 2 in combination with HNO 3 and HCl in the ultrasound bath has reduced the digestion time to 10 min from 20 min as found in our previous study.
XRD analysis
Total sulphur measurement of Musselwhite mine tailings
The optimum digestion levels are applied to measure the total sulphur content in the MMT, and the results are presented in Table 8 . The similar sulphur percentage in all three runs support the importance of using H 2 O 2 in combination with acid solution to reduce digestion time to 10 min (Run 2 and 3, Table 8 ) from 20 min (Run 1, Table 8 ). The results from the same table of run 2 and 3 also suggest that 77°C is enough for complete digestion of the tailings samples. The low %RSD (\ 3 %) reveals the excellent precision of this digestion process (Jenner et al. 1990) .
In summary, the addition of hydrogen peroxide in the solution of nitric acid and hydrochloric acid reduced the digestion time from 20 min, as reported in the previous study (Khan et al. 2012) , to 10 min for the same CRM and reactive mine tailings by the ICP-OES method. Ultrasoundassisted sample digestion plays an important role in the digestion process along with the oxidative power of hydrogen peroxide. The %RSD was found to be of \ 3 % for both the selected CRM (KZK-1) and the mine tailings (Tables 2, 5 and 8), indicating the excellent precision of the digestion process. The developed method is faster and reproducible compared to other ultrasound-assisted digestion by ICP-OES method, hot plate assisted digestion, X-ray fluorescence and LECO-CNS method for total sulphur analysis of reactive mine tailings as described in our previous paper (Khan et al. 2012) .
Conclusion
A fast, accurate and precise sample preparation method for the measurement of total sulphur by ICP-OES of low sulphur content (\ 1.0 %) reactive mine tailings is developed. The proposed method is short in terms of sample digestion time and recommended for the routine monitoring of tailings on mine sites. The combined approach of the design of experiment (the FFD) and RSM (the CCD) are found suitable to optimize the digestion process for spectroscopic analysis. The RSM helps to develop a second-order polynomial model equation to predict the digestion procedure. The experimental values are in good agreement with the predicted values, indicating the applicability of the model to the optimization process.
